We have carried out temperature and pressure-dependent Raman and x-ray measurements on single crystals of Tb 2 Ti 2 O 7 . We attribute the observed anomalous temperature dependence of phonons to phonon-phonon anharmonic interactions. The quasiharmonic and anharmonic contributions to the temperature-dependent changes in phonon frequencies are estimated quantitatively using mode Grüneisen parameters derived from pressure-dependent Raman experiments and bulk modulus from high pressure x-ray measurements. Further, our Raman and x-ray data suggest a subtle structural deformation of the pyrochlore lattice at ∼ 9 GPa. We discuss possible implications of our results on the spin-liquid behaviour of Tb 2 Ti 2 O 7 .
I. INTRODUCTION
Insulating rare-earth titanate pyrochlores (A 2 Ti 2 O 7 , where A is tri-positive rare-earth ion) are known to show complex magnetic behaviors, arising from the geometrical frustration of exchange interaction between the rare-earth spins located on an infinite network of corner-sharing tetrahedrons [1] . Theoretically, for antiferromagnetically coupled classical or Heisenberg spins on the pyrochlore lattice the magnetic ground state should be infinitely degenerate [2] . However, the ubiquitous presence of residual terms, like next near-neighbor interactions, crystal field and dipolar interactions can remove this macroscopic degeneracy either completely or partially leading often to complex spin structures at low temperatures [3] .
The only member of the A 2 Ti 2 O 7 series where the presence of residual terms has apparently no significant influence on the spin-dynamics is Tb 2 Ti 2 O 7 . In this pyrochlore, the strength of antiferromagnetic exchange is of the order of 20 K, however despite this, the Tb 3+ spins
show no signs of freezing or long-range ordering down to a temperature of at least 70 mK [4] . It has been shown, however, that this "collective paramagnetic" or the so-called "spinliquid" state of Tb 3+ moments is instable under high-pressure [5] . Using powder neutron diffraction experiments, Mirebeau et al. [5] showed that application of iso-static pressure of about 8.6 GPa in Tb 2 Ti 2 O 7 induces a long-range order of Tb spins coexisting with the spin-liquid. Since no indication of pressure induced structural deformation was observed in this study, the spin-crystallization, under pressure, was believed to have resulted from the break-down of a delicate balance among the residual terms.
Recently, the vibrational properties of some of these pyrochlores have been investigated by several groups [6, 7, 8, 9, 10, 11, 12, 13, 14] . These studies not only show that phonons in the titanate pyrochlores are highly anomalous, but also indicate the extreme sensitivity of vibrational spectroscopy towards probing subtle structural and electronic features not observed. In the pyrochlore Dy 2 Ti 2 O 7 , Raman spectroscopy revealed a subtle structural deformation of the pyrochlore lattice upon cooling below T = 100 K [6] . In the pyrochlore Tb 2 Ti 2 O 7 , new crystal-field (CF) excitations were identified using Raman data at T = 4 K [7] . In the temperature-dependent studies, signature of highly anomalous phonons (i.e., decrease of phonon frequency upon cooling; also referred to as phonon softening) has been witnessed in the pyrochlores Er 2 Ti 2 O 7 [8] , Gd 2 Ti 2 O 7 [8, 9] and Dy 2 Ti 2 O 7 [6, 8, 9, 10] . The effect of pressure, at ambient temperature, has also been studied recently for several of these titanate pyrochlores. Sm 2 Ti 2 O 7 and Gd 2 Ti 2 O 7 pick up anion disorder above 40 GPa and become amorphous above 51 GPa [11, 12] . Gd 2 Ti 2 O 7 exhibits a structural deformation near 9 GPa [13] .
In this paper we present Raman and powder x-ray diffraction studies on the pyrochlore Tb 2 Ti 2 O 7 . These studies were carried out in the temperature range between room temperature and 27 K; and pressure varying from ambient pressure to 25 GPa. Our study reveals highly anomalous softening of the phonons upon cooling. To understand this anomalous behavior, we have estimated the quasiharmonic contribution to the temperature-dependent shift of the frequencies of different Raman phonons using the mode Grüneisen parameters obtained from high-pressure Raman data; and bulk modulus and thermal expansion coefficient obtained from high-pressure and temperature-dependent powder x-ray diffraction data, respectively. These analyses allow us to extract the changes in the phonon frequencies arising solely due to anharmonic interactions. We also bring out the effect of pressure on phonons manifesting a subtle structural deformation of the lattice near 9 GPa which is corroborated by a change in the bulk modulus by ∼ 62%. This observation may have relevance to the observations of powder neutron scattering study [5] mentioned above. While this paper was being written, we came across a very recent temperature-dependent study [7] on this system revealing phonon softening behavior and the coupling of phonons with the crystal field transitions. We shall compare below our results on the temperature dependence of phonons with those of this recent study and quantify the quasiharmonic and anharmonic contributions to the change in phonon frequencies.
II. EXPERIMENTAL TECHNIQUES
A. Crystal growth were performed at low temperatures in back-scattering geometry, using the 514. as the pressure-transmitting medium. Pressure was calibrated using the ruby fluorescence technique [15] .
C. X-ray diffraction
High resolution x-ray diffraction measurements were performed between 10-300 K (with temperature accuracy better than 0.5 K) using a highly accurate two-axis diffractometer in a Bragg-Brentano geometry (focalization circle of 50 µm) using the Cu-K β line (λ=1.39223
A) of a 18 kW rotating anode. Fig. 1 shows the Raman spectrum at 27 K, fitted with Lorentzians and labeled as P1 to P9. Following previous reports [6, 7, 8, 9, 11, 12, 18, 19, 20] , the modes can be assigned as follows: P3 (294 cm (Fig. 7) . Possible candidates for the combination are ω P 7 ≈ ω P 3 + ω P 4 and ω P 7 ≈ ω P 1 + ω P 5 . The pressure derivative of frequency of the mode P7 (
) does not agree with the sum of the pressure derivatives of the individual modes. Next, the question arises on the origin of the modes P1 and P2.
Since these modes are also seen in Gd 2 Ti 2 O 7 and in non-magnetic Lu 2 Ti 2 O 7 , their crystal field (CF) origin can be completely ruled out. We, therefore, attribute these low frequency modes to disorder induced Raman active modes. The high frequency modes (P8 and P9)
are possibly second-order Raman modes [6, 7, 8] .
B. Temperature dependence of phonons
We have recorded Raman spectra of Tb 2 Ti 2 O 7 from room temperature down to 27 K and followed the temperature dependence of the modes P1, P3, P4, P5 and P7. As shown in shown. It needs to be mentioned that temperature-dependent anomalies of the modes P1, P5 and P7 have also been reported in other pyrochlore titanates [6, 8, 9 ] and attributed to phonon-phonon anharmonic interactions. However, anomalous behavior of the F 2g (P3) mode near 300 cm −1 has been reported only in the non-magnetic Lu 2 Ti 2 O 7 pyrochlore [6] .
We evidence a similar anomaly in P3 in Tb 2 Ti 2 O 7 with unusually broad linewidth. Recently, Maczka et al. [7] have also reported this unusually broad linewidths in Tb 2 Ti 2 O 7 which has been explained in terms of coupling between phonon and crystal field transition.
Temperature dependence of a phonon mode (i) of frequency ω i (T ) can be expressed as [24] ,
The term ω i (0) corresponds to the phonon frequency at absolute zero. In eqn. 1 above, the first term on the right hand side corresponds to quasiharmonic contribution to the frequency change. The second term corresponds to the intrinsic anharmonic contribution to phonon frequency that comes from the real part of the self-energy of the phonon decaying into two phonons (cubic anharmonicity) or three phonons (quartic anharmonicity). The third term (∆ω i ) el−ph is the renormalisation of the phonon energy due to coupling of phonons with charge carriers in the system which is absent in insulating pyrochlore titanates. The last term, (∆ω i ) sp−ph , is the change in phonon frequency due to spin-phonon coupling arising from modulation of the spin exchange integral by the lattice vibration. Recently, we have
shown [6] that the magnitude of phonon anomalies is comparable in both magnetic and nonmagnetic pyrochlore titanates, thus ruling out any contribution from spin-phonon coupling.
Therefore, the change in phonon frequency is solely due to quasiharmonic and intrinsic anharmonic effects whose temperature variations, as estimated below for the modes P1, P3, P5 and P7, are shown in Fig. 3 .
The change in phonon frequency due to quasiharmonic effects ((∆ω i ) qh (T )) comes from the change in the unit cell volume. This change can be expressed as [25] ,
where ω i (0) is the frequency of the i th phonon mode at 0 K, γ i (T ′ ) is the temperaturedependent Grüneisen parameter of that phonon and α v (T ′ ) is the temperature-dependent coefficient of the volume expansion. Since our lowest temperature is 27 K, the quasiharmonic change can be approximated as,
assuming the Grüneisen parameter to be temperature independent. To measure the α v (T ),
we have recorded x-ray diffraction patterns of Tb 2 Ti 2 O 7 from room temperature to 10 K.
We present the temperature-dependent lattice parameter in Fig. 4 . Our data agree with the recent data by Ruff et al. [26] . The solid line in Fig. 4 is a fit to our data by the relation
T (e c/T −1) 2 ], where a 0 =10.14Å is the lattice constant at 0 K and b=9.45 K and c=648.5 K are fitting parameters [27] . In a recent study by Ruff et al. [26] , it was shown that the lattice undergoes an anomalous expansion along with broadening of allowed Bragg peaks as temperature is reduced below ∼ 10 K. This was attributed to structural fluctuation from cubic-to-tetragonal lattice that consequently coincides with the development of correlated spin-liquid ground state in Tb 2 Ti 2 O 7 . Our data are up to 10 K and hence, we could not observe this feature at low temperatures. We have derived the temperaturedependent coefficient of thermal expansion (α v = 3 a 0 da dT ) from the temperature-dependent lattice parameter which is shown in the inset of Fig. 4 
, where B is the bulk modulus,
is the frequency change with pressure P .
Taking B=154 GPa, obtained from our high pressure x-ray diffraction data discussed later,
we find the values of the Grüneisen parameter for the various modes as listed in Table- I. The change in phonon frequency due to quasiharmonic effect, (∆ω i ) qh (T ), has been estimated for the modes P1, P3, P5 and P7, and is shown in the insets of Fig. 3 . The anharmonic
, for the modes P1, P3, P5 and P7
are shown in Fig. 3 . We note that the temperature-dependent (∆ω i ) anh (T ) for these four modes is anomalous. Further, upon changing the temperature from 27 K to 300 K, we find that for the mode P1, the percentage change in frequency due to anharmonic interactions,
, is exceptionally high. It is customary to fit the (∆ω i ) anh (T ) data by the expression [24] ,
where the i th phonon decays into two phonons of equal energy (ω i →
). The parameter "C" can be positive (for normal behavior of phonon) or negative (anomalous phonon) [6, 30] .
We have seen that eqn. 4 does not fit to our data of (∆ω i ) anh (T ) (fitting not shown in Fig. 3 ). This may be because, in the expression for (∆ω i ) anh (T ) (eqn. 4), all the decay channels for the phonons are not taken into account. Therefore, a full calculation for the anharmonic interactions considering all the possible decay channels is required to understand the (∆ω i ) anh (T ) data, shown in Fig. 3 .
Considering only the cubic phonon-phonon anharmonic interactions where a phonon decays into two phonons of equal energy, the temperature-dependent broadening of the linewidth can be expressed as [24] :
where ω i (0) is the zero temperature frequency and Γ i (0) is the linewidth arising from disorder. Fig. 5 shows the temperature dependence of linewidths of the Raman modes P3, P4 and P5. It can be seen that the linewidth of P3 and P4 modes are almost double of the linewidth of the P5 mode, as reported by Maczka et al. [7] . These authors have attributed this to the strong coupling of the F 2g (P3) and E g (P4) phonons with the crystal field transitions of 1. Raman study Fig. 6 shows room temperature Raman spectra at ambient and a few high pressures, the maximum pressure being ∼ 25 GPa. We could not resolve P2 and P9 at room temperature inside the high pressure cell due to the reasons described above. The phonon frequencies increase with increasing pressure, as shown in Figs. 6 and 7. Interestingly, we find that upon increasing the pressure, the intensity of the P1 mode diminishes and is no longer resolvable above ∼ 9 GPa. On decompressing the sample from ∼ 25 GPa, the mode recovers, as shown in the top panel of Fig. 6 . Similarly the mode P6 (F 2g ) also vanishes above ∼ 9 GPa and reappears on decompression. The intensity ratios of the modes P1 to P3 and P6 to P5, as shown in Fig. 8 , gradually decrease with increasing pressure and become zero near 9 GPa.
As shown in Fig. 7 , the maximum change in phonon frequency is seen in mode P7 (F 2g ), which shows a dramatic change in the rate of change of frequency with pressure at a pressure of ∼ 9 GPa. In sharp contrast, the other modes P3, P4 and P5 do not show any change in slope till the maximum pressure applied. The changes seen in the modes P1, P6 and P7 near 9 GPa are indicative of a structural transition of the Tb 2 Ti 2 O 7 lattice. In order to ascertain the structural transition we have performed high pressure x-ray diffraction measurements and the results are discussed below.
X-ray diffraction
Fig . 9 shows the x-ray diffraction patterns of Tb 2 Ti 2 O 7 at a few high pressures. The (hkl) values are marked on the corresponding diffraction peaks. As we increase the pressure, we find that the diffraction peaks shift to higher angles but no signature of new peak or peak splitting could be observed. However, the change in lattice parameter with pressure, shown
in Fig. 10 , shows a change in slope near 9 GPa implying a structural deformation, thus corroborating the transition observed in the Raman data. The transition possibly involves just a local rearrangement of the atoms retaining the cubic symmetry of the crystal. Fitting the pressure-dependent volume to the third order Birch-Murnaghan equation of state [31] , we find that B = 154 GPa and B ′ =6.6 when the applied pressure is below 9 GPa. But, when the applied pressure is above this transition pressure, these values change to B = 250 GPa and B ′ = 7.1 thus implying an increment of the bulk modulus by ∼ 62% after the transition. A similar transition had also been observed [13] in Gd 2 Ti 2 O 7 at ∼ 9 GPa and was attributed to the TiO 6 octahedral rearrangement. It needs to be mentioned here that the pressure transmitting medium (methanol-ethanol mixture, used in our Raman experiments) remains hydrostatic up to 10 GPa which is close to the transition pressure, thus implying that the possibility of a contribution from non-hydrostaticity of the medium cannot be completely ruled out. However, experiments in a non-hydrostatic medium (water) has as well revealed the transition at ∼ 9 GPa in Gd 2 Ti 2 O 7 [13] . We, therefore, believe that the transition near 9 GPa is an intrinsic property of Tb 2 Ti 2 O 7 and also that performing this experiment with helium as the pressure transmitting medium, will further strengthen our suggestion of a possible transition at ∼ 9 GPa.
IV. SUMMARY AND DISCUSSION
We have performed temperature and pressure-dependent Raman and x-ray diffraction studies on pyrochlore Tb 2 Ti 2 O 7 and the main results can be summarised as follows: (1) The phonon frequencies show anomalous temperature dependence, (2) the linewidths of the F 2g
and E g modes near 300 cm −1 are unusually broad in comparison to those of non-magnetic Lu 2 Ti 2 O 7 phonons, thus corroborating the suggestion [7] of a possible coupling between phonons and crystal field transitions, (3) intensities of two phonon modes (P1 and P6) decrease to zero as the applied pressure approaches 9 GPa. Another Raman band P7 near 672 cm −1 (F 2g ) shows a large change in slope ( dω dP ) at ∼ 9 GPa, thus indicating a possible transition, (4) x-ray diffraction study as a function of pressure reveals an increase in bulk modulus by ∼ 62% when the applied pressure is above 9 GPa thus corroborating the transition suggested by Raman data. The phonons in Tb 2 Ti 2 O 7 show anomalous temperature dependence which has been attributed to the phonon-phonon anharmonic interactions [6] . Using the required parameters (γ, B and α v ), derived from our high pressure and temperature-dependent Raman and x-ray experiments, we have estimated the contributions of quasiharmonic and anharmonic effects (Fig. 3) to the phonon frequencies. We note that the anharmonicity of the mode P1 (mode near 200 cm −1 ) is unusually high as compared to other modes. P1 is a phonon mode which do not involve oxygen but includes the vibrations of Ti 4+ ions [21] . This can be qualitatively understood by examining how Ti 4+ and Tb Pressure-dependent Raman data show that two Raman modes, P1 and P6, cannot be seen above P c ∼ 9 GPa and the P7 (F 2g ) Raman band shows a significant change in the slope ( dω dP ) at P c . These results suggest a subtle stuctural deformation which gets corroborated by a change in bulk modulus seen in pressure-dependent x-ray experiments. However, the pressure-dependent x-ray data do not reveal any new diffraction peak or splitting of line.
This implies that the structural deformation near 9 GPa, as inferred from the Raman study, is a local distortion of the lattice. It may be possible that as pressure increases, due to the vacancies at the 8a-sites, the [34] has proposed that a structural transition can occur at low temperatures with an A 2u lattice distortion resulting in a change of the point group symmetry, leaving the cubic lattice unchanged. Our Raman spectroscopic observations of a transition near 9
GPa may be related to the above discussion and can contribute to the increase in magnetic correlation observed by Mirebeau et al. [5] . It will be relevant to do high pressure Raman experiments at helium temperatures to strengthen our suggestion.
V. CONCLUSION
To conclude, our Raman spectroscopic and x-ray diffraction experiments on single crystals of pyorhclore Tb 2 Ti 2 O 7 , with temperature, reveal highly anomalous temperature-dependent phonons attributed to strong phonon-phonon anharmonic interactions. Our pressure-dependent Raman and x-ray diffraction experiments suggest a local deformation of the pyrochlore lattice near 9 GPa. We believe that our experimental results play an important role in enriching the understanding of pyrochlore titanates, especially the spin-liquid Tb 2 Ti 2 O 7 , thus motivating further experimental and theoretical studies on these exotic systems. Filled and open symbols correspond to the compression and decompression data. Solid lines are linear fits to the frequencies. Modes P1 and P6 disappear above 9 GPa and the mode P7 undergoes a dramatic change in slope ( dω dP ) at the same pressure thus suggesting a subtle structural transition. The slopes are listed in Table-I. 
